Compositional changes by the decay of radionuclides in radioactive aerosols can influence their charging state, coagulation frequency and size distribution throughout their atmospheric lifetime. The importance of such effects is unknown as they have not been considered in microphysical and global radioactivity transport studies to date. We explore the effects of compositional changes on the charging efficiency and coagulation rates of aerosols using a set of kinetic equations that couple all relevant processes (decay, charging and coagulation) and their evolution over time. Compared to a coupled aggregation-tracer model for the prediction of the radioactive composition of particulates undergoing coagulation, our kinetic approach can provide similar results using much less central processing unit time. Together with other considerations, our approach is computational efficient enough to allow implementation in 3D atmospheric transport models. The decay of radionuclides and the production of decay products within radioactive aerosols may significantly affect the aerosol charging rates, and either hinder or promote the coagulation of multicomponent radioactive aerosols. These results suggest that radiological phenomena occurring within radioactive aerosols, as well as subsequent effects on aerosol microphysics, should be considered in regional and global models to more accurately predict radioactivity transport in the atmosphere in case of a nuclear plant accident.
A B S T R A C T
Compositional changes by the decay of radionuclides in radioactive aerosols can influence their charging state, coagulation frequency and size distribution throughout their atmospheric lifetime. The importance of such effects is unknown as they have not been considered in microphysical and global radioactivity transport studies to date. We explore the effects of compositional changes on the charging efficiency and coagulation rates of aerosols using a set of kinetic equations that couple all relevant processes (decay, charging and coagulation) and their evolution over time. Compared to a coupled aggregation-tracer model for the prediction of the radioactive composition of particulates undergoing coagulation, our kinetic approach can provide similar results using much less central processing unit time. Together with other considerations, our approach is computational efficient enough to allow implementation in 3D atmospheric transport models. The decay of radionuclides and the production of decay products within radioactive aerosols may significantly affect the aerosol charging rates, and either hinder or promote the coagulation of multicomponent radioactive aerosols. These results suggest that radiological phenomena occurring within radioactive aerosols, as well as subsequent effects on aerosol microphysics, should be considered in regional and global models to more accurately predict radioactivity transport in the atmosphere in case of a nuclear plant accident.
Introduction
Because of public health implications, as well as environmental issues, understanding the behavior of radionuclides in the environment is essential, as they spread radioactivity and emit decay products. Severe nuclear plant accidents, such as the Chernobyl and Fukushima accidents, can release many radionuclides into the atmosphere (Adachi, Kajino, Zaizen, & Igarashi, 2013; Baltensperger, Gäggeler, Jost, Zinder, & Haller, 1987; Hu, Li, Huang, Shen, & Bou-Zeid, 2014) . During short-and long-range Obtaining detailed deposition maps of radionuclides with different lifetimes is important in making short-term and long-term plans for public health protection and environmental remediation. Effective action requires accurate predictions of transport characteristics of each radionuclide separately.
During short-and long-range transport, many airborne radionuclides are present in a particulate phase because they can adsorb or condense on background aerosols. Microphysical interactions of aerosols carrying radionuclides may differ from those of typical background aerosols because the decay of radionuclides leads to aerosol charging. Radioactive aerosols can be charged via emission of electrons and diffusion of ions from the surrounding ionized atmosphere, corresponding to self-charging and diffusion charging, respectively Gensdarmes, Boulaud, & Renoux, 2001; Kim, Yiacoumi, & Tsouris, 2015) . The charging of radioactive aerosols can create strong electrostatic aerosol interactions (Kweon, Yiacoumi, Lee, McFarlane, & Tsouris, 2013; Walker et al., 2010) that can influence the size growth of the aerosols via microphysical processes, such as coagulation (Clement, Clement, & Harrison, 1995; Kim, Yiacoumi, Lee, McFarlane, & Tsouris, 2014; Kim, Yiacoumi, Nenes, & Tsouris, 2016; Vasilakos et al., 2017) . Changes in growth rates of radioactive aerosols can influence the deposition of radionuclides (e.g., Vasilakos et al., 2017) and the subsequent contamination of land and ocean. Therefore, it is essential to investigate the charging of radioactive aerosols, as well as charging effects on size growth of the aerosols, for accurate prediction of radioactivity transport.
To study the charging rate and effects of radioactive aerosols, modeling and experimental investigations have been conducted using aerosols containing single radioactive elements alone. These investigations include the charging of single-radionuclide aerosols in the atmosphere Gensdarmes et al., 2001; Kim et al., 2014; Yeh, Newton, Raabe, & Boor, 1976) and in electric fields (Barrett, Clement, & Virdee, 2009) , and charging effects on surface interactions (Kweon et al., 2013; Walker et al., 2010) , coagulation, and wet scavenging of the aerosols (Clement et al., 1995; Kim et al., 2016; Rosinski, Werle, & Agamoto, 1962; Tripathi & Harrison, 2001; Vasilakos et al., 2017) . Radioactive aerosols released during nuclear plant accidents, however, are typically composed of mixtures of radionuclides (Baltensperger et al., 1987; Kim et al., 2015) . As shown in Fig. 1 , radioactive decay and subsequent transformation of radionuclides imply that the composition, activity, and charging efficiency of radioactive mixtures in aerosols change over time. Given that the contribution of each radionuclide to the aerosol charging can be different (Kim et Geometric standard deviation of log-normal distributions ω Dimensionless charging parameter 2015), it is necessary to investigate the effects of compositional changes on the charging and coagulation of multicomponent radionuclide aerosols (i.e., aerosols containing at least two different radioactive species). Efforts have been made to accurately predict the transport of radioactivity released during severe nuclear plant accidents (Adachi et al., 2013; Hu et al., 2014; Kristiansen et al., 2016; Vasilakos et al., 2017) . However, charging effects caused by radioactivity, as well as the influence of compositional changes, are not treated in existing three-dimensional (3-D) radioactivity transport models. An attempt has recently been made to incorporate the effects of radioactive charging (RC) on coagulation into the TwO-Moment Aerosol Sectional microphysical model (hereafter TOMAS-RC); however, the effects of compositional changes are not currently considered in the TOMAS-RC model. Although this is recognized as an important omission, technical difficulties, safety and high costs related to experimental investigations with radioactive aerosols severely limit required observations to constrain relevant microphysical processes (Gensdarmes et al., 2001; Yeh et al., 1976) . Model studies on the charging and coagulation of multicomponent radionuclide aerosols can still determine the most uncertain and important parameters that need to be constrained from experimental studies, and establish a basis for quantifying particle coagulation, deposition, and dispersion rates, which are important processes in predictive models of radioactivity transport. Developing computationally efficient approaches to couple the effects of compositional changes on aerosol charging and coagulation is an essential prerequisite for simulating transport of realistic radioactive aerosols using 3-D radioactivity transport models, as well as the TOMAS-RC model. This study presents a modeling approach to couple radioactive decay and subsequent transformation of radionuclides, with charging and coagulation kinetics of multicomponent radionuclide aerosols, to include the effects of compositional changes. Kinetic models of charging, coagulation, and radioactive decay of radioactive aerosols are coupled with the general dynamic balance equation for aerosols to predict time-dependent changes in the aerosol activity, charge, and size distributions, and composition. The charging and coagulation of multicomponent radionuclide aerosols with evolving composition are then investigated.
Coupled kinetic models

Radioactive decay
By radioactive decay, radionuclides are continuously transformed into a series of nuclides until they become stable. For a serial decay chain of e.g., parent nuclide "i" into daughter nuclides "ii" and "iii",
, transformation rates of nuclides carried by an aerosol of the size class k can be given by:
Z is the number of nuclides contained in an aerosol, λ is the respective decay constant (s -1 ), and t is time (s). For the initial condition: Z i = Z i,0 and Z ii = Z iii = 0, solution of Eqs.
(1)-(3) yields (Moral & Pacheco, 2003) :
In general, λ i ≠ λ ii , but if λ i is equal to λ ii , Eqs. (5 and 6) are undefined at t = 0 and tend to be singular for all other times, owing to the zero denominator in the parentheses on the right-hand-side (RHS) of the equations. Analytical solutions to remove this singularity issue are available elsewhere (e.g., Cetnar, 2006 ). The radioactivity per particle, A k (Bq), given by the serial decay chain, is obtained by
2.2. Aerosol charging 2.2.1. Ionization Because beta decay emits energetic electrons into the atmosphere, gas molecules near radioactive aerosols can be ionized. The ionization rate of gas molecules by background ionization and by beta decay of radioactive aerosols, q (m -3 s -1 ), is given by (Clement et al., 1995; Kim et al., 2015) :
where q b is the background ionization rate (m -3 s -1 ), I is the ionization rate coefficient of radionuclides (i.e., the number of ion pairs produced per beta decay), and N k is the number concentration of radioactive aerosols (m -3 ). In open air, I is highly influenced by the kinetic energy of the energetic electrons and the density of air which can affect their linear energy transfer (Kim et al., 2015) .
Charging
The charging of beta-emitting radioactive aerosols by self-charging and diffusion charging can be described using charge balance Kim et al., 2016 ):
where J k is the mean charge of radioactive aerosols (e), ± β k J , are the ion-aerosol attachment coefficients (m 3 s -1 ), and ± n are the concentrations of negative and positive ions with single charge (m -3 ). In Eq. (9), the first term on the RHS accounts for self-charging, while the other terms describe diffusion charging, indicating that the charging mechanisms compete with each other. ± n can be obtained via ion balance (Clement et al., 1995; Kim et al., 2015 Kim et al., , 2016 :
where α rc is the ion-ion recombination coefficient (m 3 s -1 ). In Eqs. (10 and 11), the first two terms on the RHS account for the loss rates of positive and negative ions by diffusion charging and ion-ion recombination, respectively. Similarly to typical modeling investigations using ion balance (e.g., Renard et al., 2013) , other loss terms such as loss of ions by advection are not considered in this study. The third term represents the production rate of ion pairs by ionization. The last term on the RHS of Eq. (11) accounts for the electron emission rate of beta-emitting radioactive aerosols. At steady state, where self-charging is counterbalanced by diffusion charging, the mean aerosol charge is approximated by (Clement et al., 1995; Kim et al., 2016 In calculating the steady-state mean charge, the effects of diffusion charging are included in the dimensionless parameters ω and X. For X < 1, diffusion charging contributes to accumulation of negative charge on radioactive aerosols because more negative than positive ions are captured by the aerosols. The influence of self-charging is considered via the dimensionless parameter y. Because y involves radioactivity per aerosol and ion concentrations which evolve with time, the approximate solution can describe the evolution of mean aerosol charge. For aerosols larger than 0.04 µm, J k can be used to approximate the aerosol charge distribution assuming it is Gaussian (Clement et al., 1995; Kim et al., 2016) : 
D k is the diffusion coefficient of aerosols, p p is the aerosol density, and x k is the aerosol volume. Brownian motion can be enhanced when small eddies are generated in the wake of the coagulating aerosols during settling. The enhancement to Brownian motion (β CE ) can be parameterized as (Jacobson, 2005 ):
where Re is the aerosol Reynolds number and Sc p is the aerosol Schmidt number. In turbulent flow, aerosols can collide with each other due to the effects of inertial motion and turbulent shear. The collision frequencies for turbulent inertial motion and turbulent shear, β TI and β
TS
, are given by (Saffman & Turner, 1956; Jacobson, 2005; Seinfeld & Pandis, 2006 ):
where ρ a is the density of air, ε d is the dissipation rate of turbulent kinetic energy per unit mass of air, µ a is the dynamic viscosity of air, and V f is the terminal velocity of aerosol. Differential sedimentation results from dissimilar settling velocities of aerosols. Aerosols with dissimilar size falling at different heights can collide because larger aerosols can catch up with smaller ones during sedimentation. The collision frequency for differential sedimentation (β DS ) is given as (Seinfeld & Pandis, 2006 ):
These collision mechanisms can be affected by various aerosol-aerosol interactions. For radioactive aerosols, electrostatic aerosolaerosol interactions can significantly influence their collision mechanisms because radioactive decay of radionuclides can induce strong charging of the aerosols (Kim et al., 2015; Walker et al., 2010; Yeh et al., 1976) . Assuming the effects of electrostatic aerosol interactions surpass those of other aerosol interactions, the average Brownian collision efficiency (α Br ), of charged aerosols is given by (Clement et al., 1995; Kim et al., 2016 ):
. The validity of Eq. (19) was assessed in our previous work (Kim et al., 2016) . The average collision efficiencies of charged aerosols for turbulent inertial motion, turbulent shear, and differential sedimentation (α kl TI , α kl TS , and α kl DS ) can be obtained using trajectory analysis (Taboada-Serrano, Chin, Yiacoumi, & Tsouris, 2005; Tsouris, Yiacoumi, & Scott, 1995) . The equations to calculate the collision frequency of each mechanism can be corrected by multiplying the average collision efficiency, yielding: 
Coagulation of radioactive aerosols with uniform composition
Coagulation of radioactive aerosols with uniform composition does not affect the composition of the coagulated aerosols, because the concentration per unit mass of radionuclide and its charging efficiency do not change. Coagulation of two pure 137 Cs aerosols with each having volume x produces a pure 137 Cs aerosol with volume 2x. Coagulation rates of the aerosols can be calculated using a monovariate population balance (PB) equation (Kumar & Ramkrishna, 1996) :
where the indices k, l, and m denote the aerosol size classes, δ Kr is the Kronecker delta, η is the distribution factor of the aerosol volume, and M is the total number of size classes. In Eq. (22), the two terms on the RHS represent the production and loss rates of the aerosols by coagulation, respectively.
Coagulation of radioactive aerosols of different compositions
For multicomponent radionuclide aerosols, the volume (and mass) fraction of radionuclides within the aerosols can change by coagulation. When a multicomponent radionuclide aerosol of volume x containing Z Te-132 and Z Cs-137 coagulates with a single radionuclide aerosol of volume 2x embedding Z Te-132 , the volume fractions of 132 Te and 137 Cs within the coagulated aerosol are dissimilar to those of the original aerosols. Time-dependent changes in size/composition distributions of the aerosols by coagulation can be predicted using a bivariate PB equation (Vale & McKenna, 2005) : 
Kr , where the indices p, q, and r are the size classes. In Eq. (23), the two terms on the RHS account for the formation and loss of aerosols by coagulation, respectively.
Coupling procedures
The kinetic models of charging, coagulation, and radioactive decay were coupled to investigate time-dependent changes in the activity, charge, and size distributions of radioactive aerosols with evolving composition. Fig. 2 shows the procedure used to couple the kinetic models. The radioactivity and composition changes of individual radioactive aerosols were determined with the Fig. 2 . Simulation scheme to solve the coupled equations of charging, coagulation, and radioactive decay.
Y.-h. Kim et al. Journal of Aerosol Science 114 (2017) 283-300 radioactive decay model. Using radioactivity per aerosol and the charging model, the mean charge of size-resolved radioactive aerosols was estimated. The charge distributions of the radioactive aerosols were then approximated with a Gaussian distribution using the average aerosol charge as the mean value. The size distribution of radioactive aerosols was obtained using the mono-and bivariate PB equations, including electrostatic aerosol interactions caused by radioactivity-induced charging. The activity distributions were obtained by using the radioactivity of size-resolved aerosols and the aerosol size distributions. This calculation procedure enables the coupled models to include the influence of compositional changes on aerosol charging, as well as subsequent charging effects on aerosol coagulation.
Simulations
In case of a nuclear plant accident, NH 4 + and SO 4 2-can be the major nonradioactive components of aerosols containing radionuclides (Baltensperger et al., 1987) . In this study, it was assumed that radionuclides are contained in (NH 4 ) 2 SO 4 aerosols. 106 Ru, 131 I, 132 Te, and 137 Cs were chosen because numerous aerosols containing these radionuclides were released during the Chernobyl and Fukushima nuclear plant accidents (Adachi et al., 2013; Baltensperger et al., 1987; Katata et al., 2015; Kim et al., 2015) . The decay chains and radiological properties of the radionuclides are given in Table 1 .
The initial values for Z are given by (Clement et al., 1995; Kim et al., 2015) :
where N A is Avogadro's number, f i is the mole fraction of radionuclides contained in a single aerosol, and μ mean is the mean atomic weight (g mol -1 ). In this study, we assumed that ρ p = 2000 kg m -3 . In our previous work (Kim et al., 2014; Vasilakos et al., 2017) , as well as other studies (e.g., Clement et al., 1995; Tripathi & Harrison, 2001 ), f i in Eq. (24) was set to 0.5 to calculate the initial decay rates of highly radioactive aerosols containing only single radioactive species. In this study, a typical value of f i was found to estimate the initial radioactivity per aerosol containing various radionuclides. The Fukushima nuclear plant accident released 2.6-µm 137 Cs particles with an average radioactivity of 3.27 Bq (Adachi et al., 2013 Barrett et al. (2009) . Thus, in this study, 0.05 was set as the standard value of f i .
For the kinetic model of aerosol charging,
was calculated using a limiting-sphere theory (Fuchs, 1963; Hoppel & Frick, 1986 ). The ion mass and mobility required for the calculation of (Harrison & Carslaw, 2003) were also assumed for the background ionization rate q b = 10 7 m -3 s -1 and the ion recombination coefficient α rc = 1.6 × 10 -12 m -3 . We also assumed that all aerosols are initially uncharged. Decay modes of the radionuclides shown in Table 1 involve beta and gamma decay. and Gensdarmes et al. (2001) showed that the charging of 137 Cs and 198 Au aerosols can be accurately predicted by including only the effects of beta decay. Here, the effects of gamma radiation on aerosol charging were not considered. The size distribution of radioactive aerosols was discretized over a set of bins with volume doubling between consecutive bins: x k+1 = 2x k , which is consistent with the discretization of conventional global chemical transport models involving aerosol processes [e.g., the GEOS-CHEM-TOMAS model (Trivitayanurak, Adams, Spracklen, & Carslaw, 2008) ], as well as the TOMAS-RC model (Vasilakos et al., 2017) . The size of the smallest radioactive aerosol bin was assumed to be 0.04 µm because Gaussian charge distributions may be applicable to only aerosols larger than this size (Kim et al., 2016) . Initial size distributions were obtained assuming either monodispersed or log-normally distributed aerosols. For log-normal size distributions, similarly to our previous work (Kim et al., 2016) , it was assumed that d g = 0.5 µm, σ g = 1.5, and N t = 10 11 m -3 . The initial total radioactivity level depends on both initial size distribution and composition of radioactive aerosols. For example, the initial total radioactivity levels of 132 Te-(NH 4 ) 2 SO 4 (f Te-132 = 0.05) and 131 I-(NH 4 ) 2 SO 4 (f I-131 = 0.05) aerosols following the log-normal size distribution were 1.54 × 10 13 and 6.15 × 10 12 Bq m -3 , respectively. These input values correspond to a range of the initial total aerosol concentrations (10 6 − 10 13 m -3 ) and radioactivity levels (3 × 10 2 − 1.2 × 10 19 Bq m -3 ) used in typical experimental and modeling investigations of the charging and Table 1 Radionuclides found in radioactive particles released during the Chernobyl and Fukushima nuclear plant accidents (Kim et al., 2015; Martin, 2000) . coagulation of radioactive aerosols Clement et al., 1995; Gensdarmes et al., 2001; Greenfield, 1956; Kim et al., 2014 Kim et al., , 2015 Kim et al., , 2016 Rosinski et al., 1962; Subramanian, Kumar, Baskaran, Misra, & Venkatraman, 2012; Vasilakos et al., 2017; Yeh et al., 1976) . Microphysical evolution of radioactive aerosols can be affected by other processes, such as aerosol diffusion (Anand & Mayya, 2009 , 2011 and adsorption of gaseous radionuclides (Anand & Mayya, 2015) . However, in this study, these processes were not considered in order to investigate the evolution of radioactive aerosols with evolving composition only by charging, coagulation, and radioactive decay.
Simulations were performed using a Window desktop equipped with Intel(R) Core(TM)2 Duo CPU E6850 @ 3.00 GHz and 4 GB RAM and Matlab ODE solver.
Results and discussion
3.1. Model evaluation 3.1.1. Radioactive decay and charging
We tested the procedure to incorporate the decay and resulting transformation of radionuclides into the charging model of radioactive aerosols evaluated in our previous work (Kim et al., 2016) . Because Eqs. (4)- (6) were not validated in the work of Moral and Pacheco (2003) , the analytical solution of radioactive decay was assessed using Eqs. (1)-(3) . For the test, we assumed pure 132 Te aerosols of 1-μm diameter (N t = 10 6 m -3 ). The charging model was used to predict the charging rates of the radioactive aerosols. The mean charge of the aerosols obtained without the production of 132 I was provided for reference. Fig. 3 shows time-dependent changes in the composition, radioactivity, mean charge, and charge distribution of the 132 Te aerosols. 132 Te underwent radioactive decay with time and was transformed into 132 I, and subsequently transformed to 132 Xe, indicating that the initially single radionuclide aerosol changed to a multicomponent radionuclide aerosol [ Fig. 3(a) ]. These compositional changes predicted using the analytical solutions were in good agreement with the prediction results obtained from Eqs.
(1)-(3). As shown in Fig. 3(b) -(d), the compositional changes of the aerosols modified their charging rates. In the beginning, most radioactive aerosols almost instantly accumulated positive charge mainly due to self-charging induced by beta decay of 132 Te ).
Y.-h. Kim et al. Journal of Aerosol Science 114 (2017) 283-300 [ Fig. 3(c) ]. Because the ion concentrations quickly increased by beta radiation of 132 Te, some radioactive aerosols acquired negative charge, while diffusion charging counterbalanced self-charging. Then, more radioactive aerosols lost further positive charge because of 132 I. While beta decay of 132 I increased the self-charging rates of the aerosols, beta radiation of iodine-132 led to higher diffusion charging rates than self-charging rates. As time elapsed, the charging rates of the 132 Te-132 I-132 Xe aerosols gradually changed with decrease in the radioactivity levels of the aerosols. These results suggest that the composition of radioactive aerosols changes over time, and this compositional change can modify the charging rates of the aerosols which depend on the competition of self-charging and diffusion charging.
Radioactive decay and coagulation
For the use of the coupled models, it was assumed that the compositional changes of radioactive aerosols undergoing simultaneously radioactive decay and coagulation can be predicted using Eqs. (4)-(6) and the PB Eqs. (22 and 23) . This assumption was evaluated using an aggregation-tracer model developed by Burd, Moran, and Jackson (2000) in which sets of monovariate PB equations are simultaneously solved to track the number of size-resolved particulates carrying radionuclides and the mass of each radioactive species within the particulates. The monovariate PB Eq. (22) was used for comparison. The initial aerosol size and activity distributions were obtained by assuming a log-normal distribution of 132 Te-137 Cs-(NH 4 ) 2 SO 4 aerosols (f (NH4)2SO4 = 0.9, f Te-132 = 0.05, f Cs-137 = 0.05). 25 size bins were used to cover the size range of 0.04 µm − 13 µm. In this part of the study, only Brownian motion was considered. The charging of radioactive aerosols was neglected in the assessment (i.e., α kl Br = 1). Ba, respectively (not shown). Despite these similar simulation results, the computational time of the coupled kinetic model was much shorter than that of the aggregation-tracer model. The total central processing unit (CPU) time of the coupled kinetic model was about 1 s, while that of the aggregation-tracer model was approximately 10 s. The significant difference in the CPU time was mainly the result of the number of differential equations solved during each simulation. For the aggregation-tracer model, the total number of differential equations N d required for the simulation is given by N d = M(1 + N r ), where N r is the total number of radioactive species carried by a particulate. For the size-resolved multicomponent radionuclide aerosols, N d = 125 because M = 25 and N r = 4. 25 differential equations were used to predict changes in the number of the aerosols by coagulation, and 100 differential equations were employed for tracking changes in the mass of four radionuclides by radioactive decay within the coagulating aerosols. For single radionuclide aerosols (e.g., 131 I aerosols), N d = 50. In contrast, in the coupled models, only 25 differential equations were needed because the compositional changes within the coagulating aerosols were predicted with the analytical solution of the radioactive decay model. Thus, compared to the aggregation-tracer model, the coupled models can offer similar accuracy with much less CPU time.
Charging and coagulation
The procedure to couple aerosol charging with aerosol coagulation was evaluated in our previous studies (Kim et al., 2016) . Briefly, using the Brownian average collision efficiency α kl Br and Gaussian charge distributions, the coupled charging-coagulation model accurately predicted the evolution of the charge and size distributions of aerosols. In this study, the effects of the spread of Gaussian charge distributions on α kl Br and coagulation were assessed using the monovariate PB equation and Eq. (21 f Cs-137 = 0.05), and nonradioactive (NH 4 ) 2 SO 4 aerosols (f (NH4)2SO4 = 1), respectively. It was assumed that the ammonium sulfate aerosols are charged by diffusion charging, and the charging rates instantly reach a steady state. Thus, the charge of the nonradioactive aerosols was obtained using Eq. (12). Fig. 5 shows α kl Br of the radioactive aerosols of 0.5 µm and 2.3 µm, which are the initial mean diameter of radioactive particulates used in the present simulation and the mean diameter of the 137 Cs particles in the radioactive plume of the Fukushima accident (Adachi et al., 2013) , respectively. The accuracy of calculating α kl Br depended on the spread of the Gaussian charge distributions, which determines the cut-off values of the distribution tails involved in the calculation. When the distribution spread was assumed to be 2σ, only 68.3% of the radioactive aerosols were employed to calculate α kl Br , and the calculated average collision efficiency was used to compute the coagulation rates of the aerosols. However, the calculated α kl Br was significantly different from that obtained using the distribution spread of 12σ (i.e., most radioactive aerosols) because when 2σ was used, many charged aerosols were excluded in the calculation. This difference affected the coagulation rates of the aerosols (Tables 2, 3 ). The deviations in the calculated α kl Br and coagulation rates of the aerosols disappeared as more aerosols were involved in the calculation. The α kl Br and coagulation rates of the aerosols containing 137 Cs converged when the spread of the charge distributions was larger than 6σ, while those of the aerosols containing 132 Te converged when the charge distributions were wider than 8σ. The difference in the convergence of the calculations resulted from the dissimilar charging rates of the aerosols. The α kl Br and coagulation rates of the nonradioactive aerosols converged when the distribution spread was greater than 6σ (not shown). Thus, in this study, we
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Radioactive decay and subsequent transformation of radionuclides within radioactive aerosols can significantly modify the charging rate (and thus, electrostatic interactions) of the aerosols. The coupled kinetic models developed in this study can consider radiological phenomena occurring within size-resolved radioactive aerosols and subsequent effects on charging and coagulation of the aerosols in a computationally efficient manner.
Coagulation of multicomponent radioactive aerosols with uniform composition
Using the coupled charging, coagulation, and radioactive decay models, time-dependent changes in the activity, charge, and size distributions of radioactive aerosols with uniform composition were investigated to evaluate the charging effects caused by radioactivity. Brownian motion alone was considered for this part of the study (i.e., Eq. (21)), and the initial aerosol size was assumed to be a log-normal distribution. Simulation results obtained by assuming the Boltzmann aerosol charge distribution were provided for reference. (2000) which can predict the evolution of both activity and size distributions of radioactive particulates. The initial activity and size distributions were given by d g = 0.5 µm, σ g = 1.5, N t = 10 11 m -3 , f (NH4)2SO4 = 0.9, f Te-132 = 0.05, and f Cs-137 = 0.05.
Effects of radioactivity level
The charging and coagulation rates of aerosols initially carrying different amounts of 132 Te were predicted for different radioactivity levels of the aerosols (Fig. 6 ). Many radioactive aerosols with f Te-132 = 0.001 were negatively charged because the charging of the aerosols was mainly driven by diffusion of negative ions [ Fig. 6(a) ]. As f Te-132 increased, more radioactive aerosols became positively charged from self-charging. These dissimilar-charge accumulation rates of the radioactive aerosols affected their size growth via coagulation [ Fig. 6(b)-(c) ]. Compared to ammonium sulfate aerosols following Boltzmann charge distribution, the radioactive aerosols with f Te-132 = 0.001 coagulated less frequently due to the electrostatic repulsive forces produced among the negatively charged aerosols. In contrast, the radioactive aerosols under f Te-132 = 0.5 coagulated more frequently due to electrostatic attractive forces generated between the negatively and positively charged aerosols. After reaching a certain size, however, the highly radioactive aerosols grew very slowly in size via coagulation because the net charge of most aerosols was positive and thus, strong electrostatic repulsive forces were created among the aerosols. Also, the aerosol size distribution became narrow over time because small aerosols coagulated while large aerosols did not. The charge distribution of radioactive aerosols with f Te-132 = 0.05 was different from the Boltzmann charge distribution [ Fig. 6(a) ]. However, the overall coagulation rates of the radioactive aerosols were similar with those of the reference simulation because the effects of charging, which either facilitates or hinders coagulation, counterbalanced each other.
Effects of radioactive progeny
The influence of radioactive progeny, which refers to the decay products of parent radionuclides (e. Fig. 7(a) ]. As shown in Fig. 3 , despite the increase in radioactivity per aerosol by the production of 106 Rh and 132 I, more Y.-h. Kim et al. Journal of Aerosol Science 114 (2017) 283-300 Table 3 Normalized concentrations of , f (NH4)2SO4 = 0.95, f Te-132 = 0.05). Number concentrations of size class k aerosols were normalized using those obtained by assuming a charge distribution spread of 12σ. The first three size classes were not normalized because N k < 10 -9 m negative charges were accumulated on the radioactive aerosols because beta radiation by the radioactive progeny significantly increased the ion concentrations. Accumulation of more negative charge led to the suppression of the aerosol coagulation [ Fig. 7(b) ], which slightly affected the total aerosol concentration (not shown). These effects became significant as f i increased.
Effects of radioactive composition
The charging and coagulation of aerosols initially containing a mixture of 106 Ru, 131 I, 132 Te, and 137 Cs were simulated to investigate the influence of radioactive composition on the evolution of charge and size distributions. The charge and size distributions of aerosols containing 137 Cs alone or 132 Te alone were obtained for reference.
As shown in Fig. 8 , the charge and size evolution of aerosols containing the mixture was different from that of the 137 Cs and 132 Te aerosols, respectively. The different evolution patterns arose from the differences in the radiological characteristics of the radionuclides (Table 1) . Because of the dissimilar radiological properties of the radionuclides, as well as the radioactive progeny, the radioactive aerosols had different radioactivity levels, and the ion concentrations surrounding the aerosols were dissimilar, although the radioactive fraction of the aerosols was similar (i.e., Ʃ i f i = 0.2.) Thus, aerosols containing the radioactive mixture led to a Y.-h. Kim et al. Journal of Aerosol Science 114 (2017) 283-300 different charge distribution, which affected the size growth of the radioactive aerosols via coagulation, as well as their total number concentration (not shown).
Coagulation of multicomponent radionuclide aerosol with different compositions
In our previous work (Kim et al., 2014; Vasilakos et al., 2017) , we found that compared to uncharged aerosols, the deposition rates of highly radioactive 131 I and 137 Cs aerosols (i.e., f I-131 = f Cs-137 = 0.5) in highly ionized air tend to be lower because the aerosols can slowly grow in size by coagulation. The slow coagulation of the radioactive aerosols was attributed to strong electrostatic repulsive forces produced between the aerosols. However, the origins of the electrostatic repulsive forces were different: Most 131 I aerosols were positively charged, mainly due to self-charging, while many 137 Cs aerosols in highly ionized air were negatively charged, owing to diffusion charging. This behavior suggests that, when size-resolved radioactive aerosols of different decay rates are mixed together in a radioactive plume, their coagulation rates can be enhanced because strong electrostatic attractive forces can be produced between aerosols that contain radionuclides of much different decay rates. Thus, in the present study, we investigated the effects of radioactivity-induced charging on the coagulation of radioactive aerosols of different decay rates. The Brownian coagulation rates of two different radioactive populations were calculated using the coupled models involving the bivariate PB equation and Eq. (21). It was assumed that (i) radioactive aerosols in each population are initially monodispersed (d k,1 = d k,2 = 0.5 µm, N t,1 = N t,2 = 5 × 10 10 m -3 ) and (ii) the aerosols instantaneously obtain a steady-state charge. Thus, Eq. (12) was used to account for the charging effects induced by radioactivity. The evolution of the size and charge distributions of two 137 Cs aerosol populations was obtained for reference. . The different coagulation behavior of the radioactive aerosols was attributed to the dissimilar charge evolution patterns of the aerosols (Fig. 10 ).
In the reference simulation, most radioactive aerosols were negatively charged because of their low self-charging rates and the presence of numerous negative ions with high mobility. In contrast, in the initially single and multicomponent radionuclide aerosol ).
Y.-h. Kim et al. Journal of Aerosol Science 114 (2017) 283-300 populations, the number of the positively charged aerosols increased because of the presence of highly radioactive aerosols that accumulated many positive charges via self-charging. Thus, compared to the reference simulation, the radioactive aerosols in the two different radioactive populations coagulated more frequently because strong electrostatic attractive forces were generated between positively and negatively charged aerosols. These results suggest that because of strong electrostatic interactions created between charged aerosols, the coagulation rates of two aerosol populations having different levels of radioactivity can be significantly different from the coagulation rates of radioactive aerosol populations with uniform composition.
Effects of other collision mechanisms
The effects of different collision mechanisms on the charging and coagulation of radioactive aerosols were considered using the monovariate PB equation and Eq. (20) including Brownian motion, convective enhancement of Brownian motion, turbulent inertial motion, turbulent shear, and differential sedimentation. We assumed clear air with ε d = 5 × 10 -4 m 2 s -3 (Jacobson, 2005) . In solving Eq. (20), the charging effects on the first two collision mechanisms were treated using Eq. (19). We assumed that α kl TI = α kl TS = α kl DS = 1 because computational time can dramatically increase when trajectory analysis is performed to obtain the average collision efficiency of each collision mechanism at each time step of simulation. For reference, the Brownian coagulation rates of radioactive aerosols were estimated using Eq. (21). Fig. 11 shows the size distributions of highly radioactive aerosols containing 132 Te (f Te-132 = 0.5) and coagulating via the five collision mechanisms for two days. Compared to the reference simulation considering Brownian motion alone, the overall coagulation rates of the aerosols were much higher, and more large radioactive aerosols were produced because of contributions of the other four collision mechanisms, which increased the overall collision frequency [i.e., Eq. (20) vs (21)]. Because numerous large radioactive aerosols were positively charged, small radioactive aerosols with negative charge disappeared at a higher rate due to coagulation, showing strong charging effects on the coagulation of the aerosols although the charging effects on turbulent inertial motion, turbulent shear, and differential sedimentation were not considered. According to the trajectory analysis of Tripathi and Harrison (2001) , compared to uncharged aerosols, radioactive aerosols can be more easily captured by charged droplets because differential sedimentation can be enhanced by electrostatic aerosol-droplet interactions. These results suggest that stronger effects of radioactivity-induced charging on coagulation of radioactive aerosols may be seen when the influence of electrostatic aerosol interactions on the three mechanisms is considered. A simple parameterization to include the charging effects on these collision mechanisms may be needed to more accurately forecast coagulation of radioactive aerosols with less computational effort. Y.-h. Kim et al. Journal of Aerosol Science 114 (2017) 283-300 
Conclusions
Possible physical phenomena that add uncertainty to laboratory-scale experiments with radioactive materials and predictive transport models of radioactivity may involve charging generated by a mixture of radionuclides, which has not been considered yet. In this study, the radioactive decay and transformation of radionuclides are coupled with charging and coagulation kinetics of radioactive aerosols to account for the effect of compositional changes in a computationally efficient manner (e.g., solving fewer differential equations and cutting off the charge distribution tailing to significantly reduce the central processing unit time for computations). It has been shown that the composition of radioactive aerosols can evolve with time because of radioactive decay and subsequent transformations of radionuclides. The radioactivity levels of radioactive aerosols such as 132 Te aerosols can exceed their ). Compared to purple and blue, orange and red represent relatively high aerosol concentrations. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Y.-h. Kim et al. Journal of Aerosol Science 114 (2017) 283-300 initial levels over time, which can directly affect the charging rate of the aerosols. Because both negatively and positively charged aerosols can be produced by radioactivity-induced charging, strong electrostatic attractive and repulsive forces can be created between radioactive aerosols, thereby facilitating or suppressing coagulation. Radioactivity-induced charging can significantly affect other collision mechanisms, as well as Brownian motion, suggesting that a simple parameterization of various collision processes of radioactive aerosols is needed to more accurately determine the coagulation rates. Radiological phenomena occurring within radioactive aerosols and their subsequent effects should be considered to more accurately forecast the microphysical evolution of the aerosols. The coupled models developed in this study can be readily incorporated into regional and global models of radioactivity transport (e.g., the TOMAS-RC model) in case of a severe nuclear plant accident. Y.-h. Kim et al. Journal of Aerosol Science 114 (2017) 283-300 
